ABSTRACT: Since dislocation of total hip replacements (THR) remains a clinical problem, its mechanisms are still in the focus of research. Previous studies ignored the impact of soft tissue structures and dynamic processes or relied on simplified joint contact mechanics, thus, hindered a thorough understanding. Therefore, the purpose of the present study was to use hardware-in-the-loop (HiL) simulation to analyze systematically the impact of varying implant positions and designs as well as gluteal and posterior muscle function on THR instability under physiological-like loading conditions during dynamic movements. A musculoskeletal multibody model emulated the in situ environment of the lower extremity during deep sit-to-stand with femoral adduction maneuver while a sixaxis robot moved and loaded a THR accordingly to feed physical measurements back to the multibody model. Commercial THRs with hard-soft bearings were used in the simulation with three different head diameters (28, 36, 44 mm) and two offsets (M, XL). Cup inclination of 45˚, cup anteversion of 20˚, and stem anteversion of 10˚revealed to be outstandingly robust against any instabilityrelated parameter variation. For the flexion motion, higher combined anteversion angles of cup and stem seemed generally favorable. Total hip instability was either deferred or even avoided even in the presence of higher cup inclination. Larger head diameters (>36 mm) and femoral head offsets (8 mm) deferred occurrence of prosthetic and bone impingement associated with increasing resisting torques. In summary, implant positioning had a much higher impact on total hip stability than gluteal insufficiency and impaired muscle function. ß
From severe pain to the point of functional failure, total hip replacement (THR) often remains the last treatment option in case of osteoarthritis. Due to excellent long-term results, the total number of THRs performed continued to increase in the last decades. As documented in the Swedish Hip Registry, the total number of procedures performed within a 5-year period grew from 14,300 in 2008 to 16 ,330 in 2013. 1 In the United States, the number of procedures performed went up from 235,000 in 2005 to 332,000 in 2010. 2, 3 However, THR remains failure-prone due to a complex set of parameters leading to dislocation and often to revision surgery promoting further tissue damage. According to the Swedish Registry data, 1 dislocation is next to implant-related infection the most common indication for multiple-time revisions. Primary revision due to dislocation reached 13.8% in 2012; the risk for the second revision being again dislocation then increases to 54.5%. Another study investigated the epidemiology of THR revisions in the United States and thereby reported that instability and dislocation were with 22.5% the most common cause for all-component revision surgery. 4 Regarding the increasing number of THRs performed, a better understanding of the mechanism underlying THR instability is essential for improving implant design and clinical results. Two mechanisms exist leading to THR instability and dislocation: For a given set of implant design parameters (head size, 5, 6 head-neck ratio, 7 neck-toshaft angle 8, 9 ) and position parameters (cup orientation, 7 ,10,11 stem anteversion 11 ), contact between the rim of acetabular cup/liner and the endoprosthetic neck may occur. This prosthetic impingement defines the technical range of motion (ROM) of the THR. Several studies investigated THR stability under idealized loading conditions using mechanical test setups [12] [13] [14] or finite element analysis. 6, 15, 16 Accordingly, additional angular motion beyond the ROM is required to lever the femoral head out of the acetabular cup. It constitutes the first of the two mechanisms and is accompanied by a steep rise in the resisting torque that levels off during this subluxation process until dislocation follows. 6 Besides, dynamic forces occurring even during everyday activities may separate joint partners spontaneously. 16, 17 This second mechanism is rather characterized by the resulting dynamic load situation than pure kinematic considerations emphasizing that forces exerted by soft tissue contribute to joint stability. Higa et al. 18 observed spontaneous dislocation under passive conditions that resulted not from impingement, but from muscle traction. Further studies focused on the impact of realistic motion data and compliant joint forces obtained by musculoskeletal models in order to simulate the dislocation behavior more comprehensively. 19, 20 Related to that, Pederson et al. 21 introduced activity dependent load cases and examined the safe zone for acetabular cup placement priorly defined by Lewinnek et al. 22 Elkins et al. 23 employed a comparable approach revealing that an increased cup lip radius increases dislocation risk due to reduced head coverage. Moreover, Elkins et al. 24 identified landing zones in terms of optimal cup placement. Considering joint stability they concluded that there is no substantial improvement in maximizing stability by larger head sizes for the expense of increased wear.
Heller et al. 25 demonstrated the impact of femoral anteversion on muscle and thus joint loading. Clinically motivated studies evaluated soft tissue insufficiencies, especially the posterior capsule repair [26] [27] [28] and the role of the surgical approach 29 in regard to dislocation using full leg specimens. Their findings clearly indicated a higher resistance against dislocation for the repaired capsule and could be affirmed within a finite-element analysis 30 examining the contribution of joint capsules to hip joint stability during a sit-to-stand maneuver.
These studies evidently contributed to the understanding of how particular influencing factors may alter joint dynamics to become instability-prone, however, they carry several limitations. Concerning their reproducibility, they lack of the ability to analyze the impact of isolated instability-related parameters on overall musculoskeletal dynamics. Another notable limitation concerns their validity in terms of the consideration of physiological soft tissue response during the actual dislocation process. Beyond that, in vivo testing of excessive load cases leading to joint failure is ethically not possible.
Therefore, the purpose of the present study was to systematically analyze the impact of various instability-related parameters, namely implant position and design as well as impaired muscle function, on THR stability while performing dynamic deep sit-to-stand with femoral adduction that is common in daily living activities. Within a validated hardware-in-the-loop (HiL) setup, 31, 32 physical THR components actuated by a six-axis industrial robot interact with an in situlike environment emulated by a musculoskeletal multibody model of the lower extremity. In this manner, the presented approach highlights the instability phenomena in the light of musculoskeletal dynamics and furthermore, allows for a reproducible analysis of the instability events under physiological-like loading conditions.
METHODS
Hardware-in-the-Loop Setup for Total Hip Replacement (THR) Testing As the acetabular cup bears the femoral head, the THR consists of a complementary set of three free rotational directions q i , where i ¼ {flexion/extension, adduction/abduction, internal/external rotation}, and three constrained translational directions c j , where j ¼ {posterior-anterior shift, inferior-superior shift, lateral-medial shift}, necessitating hybrid position/force control. 33, 34 Implementation and application of this particular control strategy to HiL setups are elucidated elsewhere. 33, 34 Communication between robot, sensors, and the real-time capable musculoskeletal model was achieved by embedding the components involved into a control system 34, 35 enabling the time frame synchronized information exchange.
Briefly, within the first control loop, the femoral THR component was rotated according to the desired Cardan angles q i by the robot under position control. Occurring resisting torques due to the THR component's contact during motion were measured and fed back to the musculoskeletal model. As the model moved, gravitational, dynamic as well as soft tissue forces acted upon the THR's constrained directions c j causing reaction forces in the articulation. These reaction forces were calculated by the model and applied to the physical THR by shifting the femoral component within the acetabular cup using force control, that is the resulting displacements in the constrained directions were treated as shifting constraints within the model topology. Thus, the second control loop was closed by transferring the actual relative displacements back to the musculoskeletal model.
Instability is defined as the separation of joint partners indicated by increasing relative displacements. Correspondingly, measured resisting torques usually increase and thus indicate an impingement event. Relative displacements of the joint components were measured via the end-effector's position sensor and the support's displacement sensors. Potentially occurring elastic deformations of the femoral stem were compensated by an error model in the control system. 32 Numerical Setup: Musculoskeletal Multibody Model of the Lower Extremity The numerical setup was given by a musculoskeletal multibody system (MBS) of the lower right extremity 32 with the hip joint being replaced by the THR (Fig. 2a) . Dislocationassociated deep sit-to-stand with femoral adduction maneuver was performed by a healthy male subject and recorded using an ultrasound measuring system (CMS-HS 256, zebris Medical GmbH, Isny im Allg€ au, Germany). Approval of the local ethical review committee and the consent of the male subject were given. The obtained kinematic data served as input for the musculoskeletal model dictating the desired motion of the femoral component with respect to the acetabular cup.
Given this motion task, the MBS computed the corresponding forces due to soft tissue response as well as skeletal system motion by an inverse dynamics approach and thusly accounts for the physiological-like loading conditions. Note, the closed kinematic chain formulation together with the inverse dynamics approach for numerous muscles led to two Figure 2 . The musculoskeletal multibody model of the lower right extremity with the upper body segment during deep sit-to-stand with femoral adduction maneuver (a) and the kinematic topology in upright position (b). According to Wu et al. 38 the pelvic reference system {x p , y p , z p } coincides with the femoral reference system {x f , y f , z f } in upright position. The coordinate q 1 is called the hip flexion angle. A planar joint in the sagittal plane represents the reaction forces and torques of the fictive left counterpart to the right lower extremity. Cylinders indicate revolute joints, whereas cuboids indicate prismatic joints. Then, the motion of the closed kinematic chain can be described by the joint coordinates q i and the measured displacements of the hip joint rotation center c i provided by the robot.
ROBOT-BASED ANALYSIS OF TOTAL HIP DISLOCATION redundancy problems. These arose, because, first, the system could be loaded internally to numerous levels without resulting motion and, second, the recruiting problem originating from the redundant number of muscles.
The MBS comprised rigid bone segments mutually linked by ideal joints to a kinematic chain (Fig. 2b) . The THR was represented by a kinematic subchain that is required by the hybrid force/position control. It possesses three constrained translational directions dictated by the robot's measurements and three free rotational directions expressed by Cardan angles. A planar joint in the sagittal plane closed the kinematic chain by connecting the pelvis to the ground. In this manner, the lower left extremity was represented by its reaction forces and torques acting upon the pelvis during symmetric movements.
All bone geometries were reconstructed from CT data provided by the visible human project 37 and scaled to the subject's individual geometry obtained from MRI data. The preservation of anatomical landmarks and osseous geometry allowed for the identification of joint rotation axes by fitting spheres or cylinders into the articulating surfaces of adjacent segments and for the establishment of standardized reference systems. [38] [39] [40] The kinematic chain was established in the multibody simulation software SIMPACK (V.8.9, Simpack AG, Gilching, Germany).
Relevant muscles were introduced in the form of unidimensional Hill-type force elements acting along their anatomical attachment sites. These force elements required the definition of physiological cross section areas, which were obtained from the literature, 41, 42 and the definition of physiological muscle stresses, which were assumed to be 1.0 MPa. 43 In order to account for physiological force exertion, large muscles were divided into several force elements and wrapping as well as deflection phenomena were considered by deploying segment-fixed via-points. In particular, the deflection of the quadriceps tendon by the trochlear groove was realized by identifying the via-points by means of a previously presented model of the patellofemoral joint. 44 Passive forces due to capsular tissue have been neglected. The insufficiency of gluteal and adjacent muscles was modeled by deactivating the respective force elements in the multibody model. Finally, two quadratic optimization algorithms 32 were implemented to solve the mentioned redundancy problems.
Parameter Study on Implant Position and Design as Well as Impaired Muscle Function
The kinematic chain of the musculoskeletal model was extended by virtually implanting CAD geometries of the THR and thusly introducing implant positioning and design parameters. On the pelvic side, the cup was positioned in accordance to radiographic angles (cup inclination CI, cup version CV) with the advantage of preserving the hip joint center (Fig. 3) . 11, 45 On the femoral side, the stem was aligned along the longitudinal axis of the proximal femur so that the cutting plane of the resected bone was parallel to the plane spanned by the neck-shaft intersection of the femoral stem; thusly, introducing offset parameter implant setting s¼ À5 mm (Fig. 4) . Moreover, the stem version SV was introduced as the rotation around the implant's shaft axis so that the implant neck axis fell into a plane parallel to the plane spanned by the most posterior points of the femoral condyles and the greater trochanter for SV ¼ 0˚. Note, according to the reference frame conventions a plus sign indicates acetabular cup anteversion.
Opposed to the definition of a right-handed Cartesian coordinate system, stem version is defined positive for anteversion, as practiced in clinical application. Then, for a given set of design parameters of the THR (neck-to-shaft angle n ¼ 131˚, neck length L ¼ 53.9 mm, head offset O ¼ 0 mm, and head diameter H ¼ 28 mm), the hip joint rotation center on the femoral side was defined.
Consequently, the motion data obtained from a male subject (1.81 m, 80 kg) was fed to the MBS, which moved accordingly and computed the physiological soft tissue response. Subsequently, the robot moved and loaded the THR in accordance to the MBS and closed the loop by providing the physical contact information to the simulation model.
In this manner, a comprehensive parameter study was implemented analyzing the impact of implant position (Table 1) , implant design (Table 2 ) and muscle function (Table 3) , when performing deep sit-to-stand with femoral adduction (33 cm seat height), see Herrmann et al. 32 for explicit information on the motion maneuver.
RESULTS
The instability phenomena impingement, subluxation, and dislocation were detected by means of measured displacements of the femoral head from the acetabular cup as well as the measured resisting torques and predicted reaction forces in the articulating joint interface. An impingement is characteristically indicated by an abrupt rise of the resisting torque caused by an eccentric contact force between femoral neck and acetabular cup rim. Dislocation became evident by an increasing displacement between the rotation centers of femoral head and acetabular cup. In order to evaluate these data comprehensively for numerous influencing factors, the data were translated into a stacked bar representation (Fig. 5) , in which instability occurrence is depicted as a function of hip flexion.
Note, during all investigated motion trials no bony impingement was detected. Moreover, no spontaneous dislocation without prior impingement was detected, that is at no time the resulting reaction force vector in the hip joint pointed out of the acetabular cup, thus, verifying this observation.
THR Stability Depending on Implant Position
First, pure impact of implant position on THR stability is evaluated (Fig. 6) . Especially for the implant positions A1 (CI ¼ 45˚, CV ¼ 0˚, SV ¼ À10˚) and A4 (CI ¼ 60˚, CV ¼ À20˚, SV ¼ À10˚) the typical geometric dislocation phenomenon was observed: The impingement initiated the subluxation at 66.0˚and 41.5˚, then, further angular motion led to posterior dislocation at 87.5˚and 68.0˚, respectively.
Concerning the acetabular cup inclination, higher inclinations seemed favorable for the considered movement. Total hip instability was either deferred, com-
Comparing the implant positions with respect to acetabular cup version, retroversion seemed to promote instability. In position A10 (CI ¼ 60˚, CV ¼ 20˚, SV ¼ À10˚) no instability event was detected for 20˚cup anteversion. However, increasing cup retroversion was accompanied by late impingement at 78.5˚in implant position A3 (CI ¼ 60˚, CV ¼ 0˚, SV ¼ À10˚) and led to early impingement at 41.5˚and finally to dislocation at 68.0˚in implant position A4 (CI ¼ 60˚,
Likewise, comparably high stem anteversion did not cause instability, compare implant positions A6
impingement occurred, but could be set back to increased flexion angles for higher stem anteversion
Our results suggest that some implant position adjustments are particularly beneficial: Starting from implant position A1 (CI ¼ 45˚, CV ¼ 0˚, SV ¼ À10˚), introducing a higher stem anteversion as in A5 (CI ¼ 45˚, CV ¼ 0˚, SV ¼ 10˚) seemed more advantageous, where impingement occurred late at 86.0˚, compared to the introduction of a higher cup inclination in A3 (CI ¼ 60˚, CV ¼ 0˚, SV ¼ À10˚), where impingement occurred earlier at 78.5˚. Contrarily, stem retroversion promoted instability leading to posterior dislocation in A1 and A4 (CI ¼ 60˚, CV ¼ À20˚, SV ¼ À10˚). On the other hand, higher cup anteversion compensated for stem retroversion, see A6 (CI ¼ 45˚, CV ¼ 20˚, SV ¼ À10˚) and A10 (CI ¼ 60˚, CV ¼ 20˚, SV ¼ À10˚) compared to A1 and A4, respectively.
Concerning the resisting torque, the implant position seems to have only minor impact. In case of an instability occurrence, on the other hand, the resulting resisting torque increased notably, compare implant position sets (A1-A4, A6, A10) and (A5, A7-A9).
THR Stability Depending on Implant Design
Generally, the data clearly indicated an increasing range of motion (ROM) for femoral heads with higher diameter, but for the expense of increasing resisting torques due to increased friction and, in case of impingement, increased leverage (Fig. 7) . Additionally, it could be observed that the gain of ROM due to higher head diameters depends on implant position as Moreover, constant implant design parameters (implant setting s ¼ À5 mm, neck-to-shaft angle n ¼ 131˚, neck length L ¼ 53.9 mm) as well as parameters subject to variation (head offset O, head diameter H) were introduced. Opposed to the definition of a right-handed Cartesian coordinate system, the stem version is defined positive for anteversion, as practiced in clinical application.
ROBOT-BASED ANALYSIS OF TOTAL HIP DISLOCATION it is higher in A3 (CI
Based on parameter variation H3 (44 mm ceramic femoral head of size M) to O (44mm ceramic femoral head of size XL), the impact of a femoral head offset could be investigated. The instant of impingement was shifted to higher flexion angles or even avoided. This effect was influenced by the implant position as the introduction of the femoral offset gained additional ROM of 9.7˚in A1 (CI ¼ 45˚,
THR Stability Depending on Impaired Muscle Function
Lastly, the influence of muscular deficiencies on THR stability was analyzed (Fig. 8) . Although gluteal insufficiency did not generally promote instability, stability of the unfavorable implant position A4 (CI ¼ 60˚, CV ¼ À20˚, SV ¼ À10˚) is further reduced leading to early impingement and dislocation at 41.5å nd 63.0˚, respectively.
Likewise, the posterior approach caused severe instability for implant position A4 (CI ¼ 60˚, CV ¼ À20˚, SV ¼ À10˚). For implant position A3 (CI ¼ 60˚, CV ¼ 0˚, SV ¼ À10˚) not only impingement occurred, but also subluxation at 79.0˚that led to dislocation at 85.5˚. The resisting torque decreased only slightly when gluteal insufficiency or impaired muscle function for posteriorly located muscles was introduced.
DISCUSSION
Understanding the mechanism of instability-prone total hip replacements is crucial. Unfortunately, there is no thorough knowledge about this in vivo phenomenon as it depends on numerous parameters that are difficult to be analyzed in a reproducible fashion.
Besides intraoperative tests of dislocation-associated maneuvers, in-depth analysis of impingement and dislocation of THR can be conducted using computational, experimental, or clinical studies. Major obstacles in examining THR dynamics are how to adequately address active muscles forces and realistic THR component interaction such that in vivo conditions are sufficiently met in experimental or computational studies. Sole computational studies [6] [7] [8] [9] [10] [11] 15, 16, 24, 30 lack the confidence in predicting realistic contact conditions. Contrarily, experimental studies [12] [13] [14] 16, 17 cannot consider the complex apparatus of muscles actively acting at the lower extremity. Clinical studies [26] [27] [28] [29] may show prevalence of dislocation, but parameter studies into implant positioning and design under risky maneuvers are ethically impossible.
Hence, the purpose of this study was to systematically evaluate THR stability while performing dynamic movements under physiological-like loading conditions. A validated hardware-in-the-loop (HiL) setup 32, 33 was utilized, in which a physical total hip endoprosthesis actuated by an industrial robot interacted with an in situ-like environment of the lower extremity that was emulated by a musculoskeletal multibody model.
With regard to implant position, higher cup anteversion angles (up to 20˚) as well as higher stem anteversion (up to 30˚) promoted joint stability, that is these led to later impingement and could prevent from posterior 
Parameter sets (CI, cup inclination; CV, cup version; and SV, stem version) for the implant positions A1-A10 that were subject to analysis during deep sit-to-stand with femoral adduction. According to the reference frame conventions a plus sign indicates acetabular cup anteversion. Opposed to the definition of a right-handed Cartesian coordinate system, the stem version is defined positive for anteversion, as practiced in clinical application. Asterisks ( Ã ) indicate scaled total body mass of the patient. However, this has no impact on instability incidence; please refer to Herrmann et al.
32
Ã Mass scaled to 75% of patient's total body mass. Introducing an additional design parameter to the implant positions A1-A4, namely H1-H3 indicating different femoral head sizes or O indicating a femoral offset, stability was analyzed during deep sit-to-stand with femoral adduction movement. Asterisks ( Ã ) indicate scaled total body mass of the patient. However, this has no impact on instability incidence; please refer to Herrmann et al.
Ã Mass scaled to 75% of patient's total body mass.
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GEIER ET AL. dislocation during the deep flexion phase in accordance with reported findings. 7, 11, 46 Moreover, some position adjustments seemed more beneficial over others, when establishing higher ROM, for example, higher stem anteversion or higher cup anteversion over higher cup inclination. From the clinical point of view, it is important to suggest actions to be taken in THR revision cases. If only one component, either the acetabular or the femoral side, is planned to be exchanged, the orthopaedic surgeon needs to deal with the actual position of the remaining component. Thereby, the question arises if for example, unfavorable stem retroversion can be compensated for using adequately adjusted cup anteversion. If retroversion of the stem is accounted for adequately, the stem retroversion is compensated with anteversion of the cup, thereby minimizing the risk of impingement and dislocation. Generally, the sole attention on either the isolated intraoperative stem or cup positioning can result in instability.
As the impact of impaired soft tissue function is concerned, the HiL simulation was able to reveal different results in the dislocation behavior when simulating impaired function associated with the surgical posterior approach. While in implant position A4 (CI ¼ 60˚, CV ¼ À20˚, SV ¼ À10˚) late impingement was detected without dislocation under full muscle representation, the impaired function following posterior approach caused anterior impingement and subsequent dislocation under the given movement.
Several limitations apply to the current HiL testing set-up: The dynamics of the three constrained translational directions c j describing the shift of the femoral head within the acetabular cup are rather governed by the force controller than the physics of the equations of motion. This simplification is considered acceptable, since the displacements of the femoral head are negligibly small compared to the motions in the free directions. Second, as the HiL system constitutes a control loop, operational stability affects simulation results, but has been verified. 33, 35 Further limitations apply to the computational model of the musculoskeletal system: Idealizations and simplifications of the real biomechanical system are inherent to the multibody formalism that approximates the system's dynamics by means of rigid bodies, geometric constraints, and discrete force elements. However, the representation of the geometric proportions and degrees of freedom of the real musculoskeletal system was stressed particularly for structures adjacent to the hip joint, since it revealed to highly impact the muscle force estimation rather than the optimization problem per se. Although passive forces arising from capsular structures contribute less than 10% to intersegmental torques during walking or stair-climbing activities with low flexion, 47 hip capsule repair after THR generally increases dislocation resistance. 30 However, repair is currently no surgical standard. 51 Furthermore, dislocation occurrence is dominantly a short-term complication 1, 52 that might occur before suture heeling or fibrous sleeve development. Dislocation after impingement might be deferred in case of capsule repair, however, instability was always accompanied with prior impingement and therefore failure process detection remains valid. As mentioned above, due to the model formulation two redundancy problems had Introducing an additional design parameter to the implant positions A1-A4, namely G indicating gluteal insufficiency or P indicating posterior surgical approach, stability was analyzed during deep sit-to-stand with femoral adduction movement. These muscle insufficiencies were modeled by deactivating the respective force elements in the multibody model. Asterisks ( Ã / ÃÃ ) indicate scaled total body mass of the patient. However, this has no impact on instability incidence; please refer to Herrmann et al.
32
Ã Mass scaled to 75% of patient's total body mass. ÃÃ Mass scaled to 50% of patient's total body mass. ROBOT-BASED ANALYSIS OF TOTAL HIP DISLOCATION to be solved: First, the recruiting problem of muscle forces was resolved by using static optimization techniques, which is common in musculoskeletal multibody dynamics, but still is a matter of debate in terms of neurophysiological evidence. Second, by defining a planar joint between pelvis and ground in the sagittal plane one introduces a symmetry condition, thus, simplifies motion of the contralateral side. Kinematic studies 48 suggest that this simplification is valid as THR patients show equivalent kinematics between operated and non-operated hip without overcompensation by the contralateral side during sitting down and standing up activities. Lastly, the musculoskeletal multibody model represents only one subject and the results obtained have to be interpreted keeping in mind that only one movement scenario was investigated.
However, the presented HiL simulation 31, 32 yields the prospect to comprehensively include relevant mechanical properties of the musculoskeletal apparatus carrying THRs while including active soft tissue response into a dynamic experimental framework and thereby considering real contact mechanics. Application of HiL simulation to total knee replacements is in progress as HiL is an important step towards more realistic test conditions. In summary, stability of commercially available THR with hard-soft bearings was analyzed with regard to a variety of influencing factors, that is implant positioning (cup version and inclination, stem version), head diameters (28, 36, 44 mm) and offsets (M, XL), as well as in the presence of impaired soft tissue function, that is due to gluteal insufficiency and posterior surgical approach, within a worst case scenario. The results showed that implant position has a major impact on THR stability over implant design and impaired soft tissue function. Implant position A2 (CI ¼ 45˚, CV ¼ 20˚, SV ¼ 10˚) revealed to be outstandingly robust against any instability-related parameter Figure 6 . Implant position. The stacked bar diagram depicts the occurrence of instability events ( impingement, subluxation, & dislocation) as a function of hip flexion angle for the different implant positions A1 to A10. Moreover, ( ) indicates the maximal resisting torque occurring during the movement. All instability events occurred during the seating portion of the deep sit-to-stand with femoral adduction maneuvers. Asterisks indicate scaled total body mass of the patient to 75% ( Ã ). However, this has no impact on instability incidence; please refer to Herrmann et al. 32 Figure 7. Implant design. The stacked bar diagram depicts the occurrence of instability events ( impingement, subluxation, & dislocation) as a function of hip flexion angle for the different implant designs H1, H2, H3-head sizes and O-femoral head offset. Moreover, ( ) indicates the maximal resisting torque occurring during the movement. All instability events occurred during the seating portion of the deep sit-to-stand with femoral adduction maneuvers. Asterisks indicate scaled total body mass of the patient to 75% ( Ã ). However, this has no impact on instability incidence; please refer to Herrmann et al. 32 
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GEIER ET AL. variation as is reported similarly by other groups. 46, 49 Regarding the flexion motion, results indicate that higher combined anteversion angles of cup and stem are generally favorable, since instability was either deferred or avoided even in the presence of higher cup inclination. Larger head diameters (!36 mm) and femoral head offsets (8 mm) deferred occurrence of prosthetic and bone impingement associated with increasing resisting torques as reported earlier. 50 In the present study, gluteal insufficiency and impaired posterior muscle function promoted instability of the artificial hip joint only marginally compared to the impact of implant position.
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